Objectives: Accurate laparoscopic liver lesion targeting for biopsy or ablation depends on the ability to merge laparoscopic and ultrasound images with proprioceptive instrument positioning, a skill that can be acquired only through extensive experience. The aim of this study was to determine whether using magnetic positional tracking to provide three-dimensional, real-time guidance improves accuracy during laparoscopic needle placement.
Introduction
The targeting of structures or lesions for biopsies, catheter placement or ablation is common in many fields of medicine and surgery, particularly in liver surgery. Without the guidance of imaging modalities, the surgeon must rely on expert knowledge of anatomy in combination with tactile sense to successfully identify the location of a structure and the subsequent placement of a needle for biopsy or ablation. 1 Many structures are not susceptible to palpation because they are located deep within the liver. Guessing the most likely location of a structure based on experience and anatomical landmarks is the only alternative in the absence of real-time guidance. The most accessible image guidance is ultrasound. Ultrasound has revolutionized image-guided targeting and allowed many procedures to be performed in regular medical clinics or at the bedside. However, the ultrasound operator must bear the cognitive load of correlating features in the ultrasound image to their corresponding locations in the anatomy prior to advancing a needle into tissue. This is a relatively difficult task and extensive experience is required to master the technique. 2, 3 Even in the best hands, the potential for error associated with ultrasoundguided needle placement is recognized as an obstacle to perfect clinical outcomes and as increasing the risk for pain and/or injury to the patient and the potential for incomplete ablations and tumour recurrence. 1, [4] [5] [6] [7] An ideal guidance system takes the guesswork out of the equation by combining the imaging of the target with the exact location of the instrument(s) such that a course can be plotted and followed into the target. This information must be presented to the operator in such a way that makes the complex threedimensional relationships between the tissue, needle, needle trajectory and transducer obvious, [8] [9] [10] and minimizes the surgeon's mental workload. All of this must occur instantly and continuously.
Our efforts in developing such technology have resulted in the evolution of a system (K083728) which has been approved by the US Food and Drug Administration (FDA). It is based on dualcamera triangulation of infrared light reflected from specialized reflectors, 11, 12 which are attached to the ultrasound probe and needle. Using these data, the spatial relationships between the ultrasound image and the instruments can be calculated. The system thus presents a virtual representation of the needle and its projected course, in spatial combination with the actual ultrasound image; the user observes the placement of the needle on a stereoscopic monitor (Fig. 1) . The combined components of this system allow for exceptionally accurate lesion targeting. This technology has been introduced clinically and a pilot human trial of the system in liver tumour ablation is underway.
Although the current system is effective in achieving high accuracy with little or no experience, it requires the maintenance of a direct line of sight between the tracked instruments and the infrared cameras (Fig. 2) . Laparoscopy represents the ultimate challenge in this respect because the ultrasound location and the direct view of the tissue and needle insertion location are obscured by the skin. Reflectors may be attached to rigid versions of the laparoscopic instruments and ultrasound; however, preliminary work in our laboratory has demonstrated feasibility but diminished applicability of this reflection-based system as a result of significant issues regarding precision in relation to the altering of viewing angles and torque on the instruments.
The ideal positioning device would not be compromised by the lack of an optical line of sight, even when the cameras cannot see through the skin. One candidate technology is based on electromagnetic tracking in which the position and orientation of magnetic sensors are demonstrated within a magnetic field emanating from a field generator. 13, 14 The sensors' positions can be determined by measuring changes in the strength of the magnetic field, even when objects are located between the sensor and the field generator. 15, 16 If it can be attached to the ultrasound probe and needle during laparoscopy, this technology might overcome all previously noted problems. We hypothesized that magnetic field position guidance and 3-D virtual reality representation of the instruments might allow for the development of a system with a high degree of precision and accuracy in a model of laparoscopic, real-time, ultrasound-guided lesion targeting.
Materials and methods

Magnetic system
The guidance system operates by recording the 3-D position and orientation of the laparoscopic ultrasound transducer (LUT) and ablation needle via a magnetic motion tracker (Aurora Measurement System; Northern Digital, Inc., Waterloo, ON, Canada). The Figure 1 The guidance system based on optical infrared tracking. The user is holding a needle and ultrasound transducer, onto which are clipped tracking beacons. The motion of these beacons is observed by the infrared cameras (located within the white bar at top right), and their positions are triangulated. The guidance software represents the instruments in their actual spatial relationship, in real time, on the '3-D' monitor, which is viewed by the user through stereoscopic glasses Figure 2 The optical tracking system requires a line of sight to the tracking beacons on the instruments it is tracking Aurora consists of a magnetic field generator, control electronics and small sensors that are installed at known locations on the instruments (Fig. 3) . The controller instructs the field generator to emit a magnetic field of a known strength, based on an alternating current, at 45 Hz. When the sensors are placed inside this field, unique voltages are induced within them. The waveforms (of these voltages) are then employed to calculate the position and orientation of the sensor. As the magnetic fields are of low field strength and can safely pass through human tissue, location measurement of an object is possible within an insufflated abdomen without the demand for a line of sight imposed by an optical spatial measurement system. In our guidance system, these sensors are embedded inside the head of the flexible LUT (Fig. 4) , as well as inside the tip of the ablation needle.
The positional information is then relayed to the guidance system software, which is equipped with computer graphics models of the instruments. The positions and orientations of these models are updated to match those of the actual instruments and are drawn on the screen to graphically represent the ultrasound slice and the needle as they are actually situated in space, in real time (Fig. 5) . The guidance system's monitor is stereoscopic (3-D, similar to IMAX movie theatres), so the impact on the user is proprioceptive as well as visual. In this way, the operator can easily understand the physical relationship between the slice and the needle, as well as other salient details about the procedure. In addition to the 3-D display, the ultrasound scan is displayed in a 'picture-in-picture' manner in the upper left corner of the guidance system's screen.
The system indicates to the surgeon where the needle intersects the ultrasound slice, or where it would intersect the slice if advanced forward, via a pink box in the ultrasound image. This allows the surgeon to aim the needle at a target within the ultrasound slice before inserting it into the patient's anatomy because the trajectory of the needle is known. Additionally, the volume of ablated tissue can be predicted via a red-orange wire frame (Fig. 5B) , which represents an energy field of a size specified by the surgeon. By this means the surgeon can assure him or herself that all tissue designated for destruction will be ablated and that no tissue or structures not intended for ablation (such as blood vessels) are within the field. The guidance system was developed with support from the Computer Science Department at the University of North Carolina at Chapel Hill over the past two decades, with our clinical involvement since 2006. The guidance system is currently in continued development in conjunction with InnerOptic Technology, Inc. (Hillsborough, NC, USA). This is not yet a commercial product.
This study also used a ProFocus 2202 ultrasound scanner from B-K Medical, Inc. (Peabody, MA, USA), with a flexible laparoscopic transducer (model #8666-RF) and a 10-mm laparoscopic endoscope, camera and light system.
Study design
Studies were performed using a custom-made laparoscopic trainer box. Ports for the laparoscopic camera and LUT were placed through the phantom trainer's top face, which consisted of a 2-cm-thick white foam plate intended to simulate the rigidity of the abdominal wall (Fig. 6) . Trocars measuring 12 mm were inserted through the ports to accommodate the laparoscopic transducer and camera. The front face of the box was removed to allow the easy insertion and removal of agar-based phantoms and then covered during the experiments. The scanning depth of the ultrasound transducer was set to 5.2 cm.
The operators were required to attempt to pierce targets within a series of phantoms represented by agar blocks. Each agar block measured 30 ¥ 20 ¥ 15 cm (approximately the size of a human liver) and contained 10-12 targets (i.e. 5-mm 3 pieces of egg white) at depths of either 3 cm or 5 cm. The agar phantom was released from the mould and placed upside down in the bottom of the box. The top of the agar was coated in ultrasound gel and a new phantom lesion target was chosen for each experiment. Repeat targeting was not allowed. Using this approach, the following experimental variables were studied: (i) approach of the needle to the ultrasound slice (traditional in-plane vs. guided out-of-plane), and (ii) experience level of the subject ('novice' [no previous experience in ultrasound use and interpretation] and 'expert' [Ն5 years of experience]). The novices were given a single demonstration by the experimenter of how to insert the transducer through the trocar and how to operate the levers of its flexible head prior to beginning the experiment. It was determined that the study would require the participation of four subjects (two experts and two novices) to achieve statistical significance. Each subject made 11 attempts in each condition of approach (in-plane and guided) for a total of 22 attempts per subject and 88 attempts for all conditions across all users.
The experimenter chose the target within the agar block and inserted the needle through the foam cover of the phantom trainer at any point on its surface. Subjects were allowed to select any angle of approach to ultrasound scan (i.e. 'in-plane' or 'outof-plane'). Once the needle had breached the phantom's surface, the subject was not allowed to alter its course but was instructed only to advance the needle linearly. This approach, as opposed to allowing the operator to change the trajectory following initial antenna insertion, was used to maximize the sensitivity to identify increases in accuracy and precision. In order for the attempt to qualify as a 'hit' , the tip was required to penetrate the target. If the tip completely missed the target or if the tip of the antenna passed through the target, the attempt was considered to constitute a 'miss' .
Before each condition, the experimenter randomly drew a slip of paper to determine under which conditions the attempt would be made. After needle insertion, the subject held the needle still and the experimenter scanned the target with a regular t-probe. Two snapshot images were generated: 'in-plane' and perpendicular. The snapshots were saved and designated with the number of the attempt for independent verification. After the experiments, an independent evaluator, who was blind to condition and subject, determined whether or not the attempt represented a hit.
Statistical analysis
Results were expressed as simple counts and percentages. Groups were compared using chi-squared analysis. A P-value of <0.05 was considered statistically significant. jmp Version 8 (SAS Institute, Inc., Cary, NC, USA) was used for statistical analysis.
Results
Four subjects were tested. A total of 88 lesions were targeted. Using the traditional approach, 14 of 44 (32%) targets were hit. Using the 3-D magnetic guidance improved the hit rate to 44 of 44 (100%; P < 0.0001) (Fig. 7) . Only one of 22 lesions targeted by the novice subjects was hit using the traditional approach. However, when the novice subjects used the magnetic 3-D guidance system, they hit all 22 targets (100%) (Fig. 7) . By contrast, two of the four subjects were hepatopancreatobiliary (HPB) surgeons with extensive experience in using ultrasound and laparoscopy. These subjects hit 13 of 22 (59%) targets using the traditional approach and all 22 targets (100%) using the magnetic 3-D guidance system (Fig. 7) .
It is of note that the novice subjects had particular difficulty in spatially orienting the ultrasound and needle laparoscopically. They would constantly shift their attention from the laparoscopic video and ultrasound image and appeared to expend great effort on determining the correspondence between the two screens. However, when using the guidance system, they focused entirely on the 3-D display. To a lesser degree and with substantially more focus on the 2-D ultrasound images, the HPB surgeons also relied more on the direct visualization on the laparoscopic monitor during the traditional approach, compared with during the guidance system approach.
Discussion
Image guidance in medicine is of paramount importance to the avoidance or minimizing of injury and pain during needle insertion into tissue, and to improving the sensitivity of biopsy and other needle-based procedures. Achieving high rates of accuracy in the targeting of structures, even under direct ultrasound guidance, requires expert levels of training. When an additional layer of complexity is added, such as in laparoscopy, the targeting of lesions and structures becomes very difficult and is only successfully achieved by practitioners with high degrees of training, experience and expertise. 1, 7 Even in the hands of experts, accuracy is significantly worse than it is in open procedures. Given that increasing numbers of hepatic surgical procedures are performed Surgical novices were essentially unable to hit any of the 5-mm targets using conventional laparoscopy and ultrasound techniques. Expert surgeons had a markedly better ability to target small lesions using traditional technology. Novices as well as expert surgeons succeeded in hitting all targets using the novel magnetic 3-D image guidance system laparoscopically, the importance of image guidance has become more prominent. [17] [18] [19] [20] In this study we have described a novel technology that voids all laparoscopic barriers to aid in the targeting of lesions in a liver model. Experts in laparoscopic ultrasoundguided needle placement were able to place needles into small 5-mm lesions with a reasonable degree of accuracy (59%), but the novel technology allowed them to improve this to 100%. More importantly, the technology allowed complete surgical novices to perform the same task, without any form of training or experience, also with perfect accuracy. The 3-D magnetic targeting system effectively cancelled any advantage accrued by surgical experts in years of surgical training and practice. However, we acknowledge that the current pilot study was designed from a proof-of-concept focus. A fully powered analysis with a greater number of test subjects is required to minimize potential issues with reproducibility within subjects or within subject groups.
Other imaging technologies exist to aid the surgeon in targeting structures inside the body. 21, 22 Computed tomography (CT) guidance systems may be able to visualize tissue with high resolution and improved grey-scale imaging, but, because of the static nature of the scans, they cannot be used in real time. As such, these systems are excellent for the planning of surgical procedures and identification of lesions. Three-dimensional modelling of the abdominal contents can facilitate understanding of lesion location in relation to other structures. Unless the subject is completely static, such as after the fixation of the skull to a targeting device during brain surgery, the absence of real-time imaging represents an insurmountable obstacle when precision and accuracy are required. 23 The unique real-time properties of ultrasound allow for tissue to be scanned while procedures are underway. [24] [25] [26] Although the image quality of ultrasound is inferior to that of magnetic resonance imaging (MRI) or CT, the direct application of the ultrasound probe to the surface of the liver increases sensitivity dramatically. Currently, ultrasound allows for the detection of lesions that cannot be distinguished by CT or MRI. At present, its sensitivity and provision of real-time scanning make ultrasound the ideal tool with which HPB surgeons can attain anatomical information on vasculature and tumours in the liver during resection or ablation. However, ultrasound technology is also associated with noted drawbacks, including the narrowness of the 2-D ultrasound plane, which requires constant movement of the ultrasound probe to allow the operator to 'build' a 3-D mental image of the tissue structures imaged. Concomitantly, it becomes increasingly difficult to target deep structures accurately when the exact approach is not captured in the narrow ultrasound plane. Because liver anatomy is complex, the optimal approach of instruments and ablation or biopsy needles to tumours often cannot be achieved in exact alignment with the ultrasound plane. This adds to the difficulty of using the mental reconstruction of the 2-D ultrasound images, which require the surgeon to plot a mental course through this tissue to reach the tumour. These inherent difficulties mean that high degrees of experience are required to attain acceptable levels of precision and accuracy in biopsy and ablation procedures. The system presented here addresses and alleviates these difficulties. By visually representing the exact relationship between the instruments and the operator, the system significantly reduces the cognitive load borne by the surgeon when trying to guide a laparoscopic needle into a feature in an ultrasound image.
This system also represents a marked improvement over its predecessor, which used optical tracking technology. Removing the requirement for the tracker to maintain line-of-sight beacons on the tracked instruments increases the range of procedures that might benefit from this guidance system substantially.
For this study, we used the Aurora tracking system, which generates AC magnetic fields using several coils embedded inside the field generator. These fields induce currents inside the sensors, which consist of passive copper wire loops around a dielectric core. The tracker measures the current in the sensor coils to determine the field strength. The fields also induce eddy currents in nearby metal objects, and these in turn generate secondary magnetic fields which reduce the quality of the tracking. The effect of the eddy currents on the sensors depends partially on the frequency of the primary magnetic fields and the properties of the metal objects. The Aurora compensates for eddy currents by varying the frequencies of the primary fields.
An alternative to an AC tracker is a pulsed-DC tracker. Pulsed-DC trackers also use several coils to generate magnetic fields. After the field has stabilized, there are no eddy currents in nearby metal objects. At this time, active fluxgate magnetometers in the sensors (each with a powered drive coil and passive sense coil wrapped around a core) measure the strength and polarity of the magnetic field. Other researchers 27 have found the AC tracker to be relatively immune to the effects of metal near the sensor. This is particularly advantageous in our application as we have embedded the sensor directly into the puncture guide of the metal head of the laparoscopic ultrasound probe. By contrast, the pulsed-DC tracker is sensitive to metal near the sensor but has better orientation accuracy. Orientation accuracy is also important in our application because when the needle is outside the patient's insufflated abdomen, it is far from the target inside the liver. Errors in orientation are magnified by this large distance. In a future study, we plan more in-depth evaluation of tracking technology under conditions typical of laparoscopic liver surgery.
The current study investigated the applicability of a magnetic tracking system and virtual reality-based guidance in a laparoscopic setting. For this purpose a plastic box trainer and Styrofoam™ cover were used. The next step is to test the system in a live animal in a real operating room (OR). There is potential for the metals in the operating table and radiated emissions from other surgical devices to interfere with the accuracy of magnetic position tracking. However, several other groups have tested magnetic tracking in ORs [13] [14] [15] [16] and thus we expect these problems to be minimal and manageable. The materials used in this study are not substitutes for human tissue. Predictive modelling does not imply significant alterations of the magnetic field properties, nor would it predict significantly diminished accuracy as a result of traversing the live tissue barrier. However, this remains to be confirmed experimentally. Furthermore, the absence of metal distracters such as operating tables and retractors may potentially influence the magnetic field and subsequently the accuracy and precision of this system. Although the actual influence of OR tables and other equipment remains to be tested experimentally, theoretically at least the impact should be minimal.
The increased accuracy to be gained using the magnetic field image guidance system would be of crucial importance during laparoscopic liver surgery. More and more procedures are being pushed into the arena of minimally invasive surgery, and less invasive procedures such as laparoscopic ablation and laparoscopic biopsies largely rely on accuracy and precision for their success. Because of the complexity and variability of liver anatomy, it is only in recent decades that liver surgery has become possible. Real-time image guidance has made liver surgery substantially safer and has dramatically reduced the associated complication profile in recent years. Laparoscopic liver surgery represents the next frontier and image guidance is even more important in this field of endeavour as 3-D visual and tactile feedback are significantly lacking. Although the guidance system described here is primarily intended to facilitate the accurate insertion of biopsy and ablation needles into the liver, similar guidance can be envisioned for staplers or energy devices during transection of liver parenchyma.
In summary, this study demonstrates the feasibility of a magnetic field-based, virtual reality-enhanced guidance system during laparoscopic surgery. The system phenomenally increased the accuracy and precision of complex targeting procedures in our experimental study, for both novices and experts alike. Clinical application of the magnetic field positioning in addition to the already established guidance system would dramatically improve the results of biopsy and ablation procedures and significantly reduce the risk for misdiagnosis and injury. However, the validation of these experiments in an in vivo animal model to gauge their reproducibility in the complex setting of live tissue and under OR conditions is paramount.
